Production of actinide oxide powder via dry thermal decomposition of corresponding oxalates is currently carried out on the industrial scale at temperatures exceeding 500°C. Although it is simple, this method presents some disadvantages such as high decomposition temperature with a direct effect on the surface area, pre-organised morphology of the nanoparticles affecting the sintering behaviour, etc. We have recently proposed the decomposition of An IV -oxalates under hot compressed water conditions as a straightforward way to produce reactive actinide oxide nanocrystals. This method could be easily applied at low temperatures (95-250°C) in order to generate highly crystalline nano-AnO 2 . We present here the formation conditions of AnO 2 (An = Th, U, Np, and Pu) and some associated solid solutions, their stability, and grain growth during thermal treatment. The involvement of water molecules in the mechanism of the oxalate decomposition under the hot compressed water conditions has been demonstrated by an isotopic exchange reaction during the thermal treatment of the hydrated oxalate in H 2 ĳ
Introduction
Oxalate precipitation is a versatile process often applied in the nuclear fuel cycle for different purposes (e.g. isotopic separation and preconcentration, 1 quantitative recovery of actinide ions from waste solutions, 2 fuel production, 3 spent fuel treatment and reprocessing, 4,5 etc.) . By precipitation with oxalic acid, the actinides form micrometre-sized hydrated oxalates, independent of the oxidation state of the actinide. Such oxalates can be converted to their corresponding oxides and gaseous products by thermal treatment, and thus the final products are free of impurities except eventually some residual carbon. 6 Since the decomposition temperature is usually mild (500-800°C), the final oxide is normally nanosized. 7, 8 However, the final powder consists of plate-like agglomerates, as a consequence of the pseudomorphic oxalate-to-oxide conversion. This morphology of the actinide oxalates may be altered by changing the basic precipitation conditions, as recently demonstrated in the thorium case. 9 Another possibility would be to modify the decomposition conditions. For this purpose, we have recently proposed the conversion of the actinide oxalates under hot compressed water as an alternative to thermal decomposition of the oxalates. This method has been successfully applied to synthesize nanometric ThO 2 , UO 2 , and PuO 2 , 10 and associate U 1−x Th x O 2 solid solutions.
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The attack of the oxalates under the hot compressed water conditions takes place between 95-250°C, and thus, the AnO 2 crystallites are even smaller than those in the conventional thermal route. This new route proved to be uncomplicated, fast, versatile, close to quantitative, and reproducible. It has fewer procedural steps than typical oxalate precipitation-thermal decomposition processes, thus allowing for production using a single vessel and under continuous flow. But the main achievement consists of the destructuring of the plate-like agglomerates specific to thermal conversion, with a direct effect on the sintering behaviour of the obtained nanomaterials.
With respect to other thermal methods employing organic solvents, [12] [13] [14] the hydrothermal decomposition of oxalates presents the advantage that the material obtained is free of any residual carbon impurities possibly blocking the NCs surface.
In this paper, we extend our first report on the synthesis and characterisation of AnO 2 (An = Th, U, and Pu) nanocrystals (NCs) formed by hydrothermal decomposition of AnĲC 2 O 4 ) 2 ·nH 2 O in batch reactors towards the actinide series Th, U, Np, and Pu, including synthetic trials for mixed oxide production. NpO 2 NCs were characterised in detail by using spectroscopic and microscopic techniques. The influence of pressure on the crystallite size is also addressed. Moreover, the involvement of water molecules in the oxalate hydrothermal decomposition mechanism has been proven by studying the isotopic exchange reaction during the thermal decomposition of AnĲC 2 [15] [16] [17] [18] [19] A similar method was applied for different mixed oxalates. A possible alternative approach for the production of mixed oxides is to start from oxalate end-members. The obtained precipitates were washed several times with distilled water in order to remove any trace of nitrate, which induces the oxidation of U IV to soluble U VI under the working temperature conditions. Most of the experimental trials were performed in 25 ml Teflon-lined hydrothermal synthesis autoclave reactors. The heating stages were performed by using a heating mantel preheated at the requested temperature while the temperature was controlled using thermocouples. As compared to classical thermal oxalate decomposition, this method employs not only temperature, but also autogenic pressure to achieve the conversion into the oxide. For this purpose, small amounts of water were added to the powder. Hence, inside the autoclave, the increasing temperature caused the formation of water vapour and other gases which raised the pressure in the vessel. The following general reaction occurs (eventually with dehydration steps):
For the Pu-containing compositions, the formation of the Pu III -oxalate intermediate might be possible. 20, 21 Finally, the resulting NCs were washed with water, ethanol, and acetone, in order to gradually decrease the polarity of the solution. In the case of the uranium-containing samples, the work was performed under argon and using minute amounts of hydrazine, in order to limit the oxidation of U IV .
The influence of the pressure on the NC sizes of ThO 2 and UO 2Ĳ+x) was studied by using 25 
Thorium has been chosen in this experiment because of its resistance to oxidation (in contrast to nano-UO 2 and associated solid solutions, nano-ThO 2 does not oxidise as a function of time) and its low radioactivity. Thus, parallel experiments were performed by decomposing 50 mg of ThĲC 2 
Physicochemical characterisation
2.2.a Thermogravimetric measurements. The thermal behaviour was investigated using a Netzsch STA 449C DTA/TG, using an alumina crucible in an argon atmosphere. The temperature was controlled using a Pt-PtRh (10%) thermocouple. The applied heating and cooling rates were 10°C min −1 .
2.2.b X-ray diffraction (XRD) characterisation.
Room temperature XRD analyses were performed on a Rigaku Miniflex 600 diffractometer for the obtained ThO 2 and UO 2 NCs, whereas the specimens containing transuranium elements have been analysed on a Bruker D8 diffractometer mounted in a Bragg-Brentano configuration with a curved Ge (1,1,1) monochromator and a ceramic copper tube (40 kV, 40 mA) and supplied with a LinxEye position sensitive detector. For high-temperature XRD measurements (up to 1000°C), all the data were collected under vacuum on another Bruker D8 X-ray diffractometer equipped with an Anton Paar HTK 2000 chamber.
2.2.c Microscopic characterisation. Transmission electron microscope (TEM) analyses were performed using a TecnaiG2 (FEI™) 200 kV microscope equipped with a field emission gun, modified during its construction to enable the examination of radioactive samples. The samples for the TEM investigations were prepared by dropping suspended samples on a TEM grid and evaporating the solvent. Electron energy loss spectroscopy (EELS) has been used to calculate the ratio between the different actinides present in the samples. The study of the branching ratio between M5 and M4 edges observed by EELS provides information on the oxidation state of the elements, as the size of each of these edges is directly related to the occupancy on the final f-levels, which changes with the element and its oxidation state. 22 The relative size of the M5 edges for each element also provides information about their relative abundance; 23 this is used to assess the elemental composition of each sample. A Philips XL40 scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectroscope (EDS) was used. The sample grains were deposited on the usual carbon sticker and covered with carbon to avoid charging.
2.2.d Spectroscopic characterisation.
Raman measurements were performed on the polycrystalline samples at room temperature using a Horiba Jobin-Yvon T64000 spectrometer with a 647 nm Kr+ laser excitation source. A 50× objective was used to irradiate the sample and collect the back-scattered light. Extreme care was taken to avoid sample damage or laser-induced heating. Measurements were performed at 4-10 mW incident power. No significant change in the spectra was observed when varying the laser power in this range.
Infrared measurements were performed on the solid samples using a Bruker Alpha Platinum spectrometer using a horizontal ZnSe ATR (attenuated total reflection) crystal.
The 17 O MAS NMR spectra were acquired on a Bruker 9.4 T at a Larmor frequency of 54.25 MHz. 24 As
17
O is a quadrupolar nucleus (I = 5/2), a very short pulse 25 of 1 μs was used to acquire the spectrum using a single pulse experiment. The spectrum was referenced at 0 ppm to liquid H 2 17 O.
Results and discussion
3.1 Synthesis of AnO 2 (An = U, Th, Np, and Pu) and associated solid solutions through the decomposition of the oxalates under the hot compressed water conditions
As can be seen from the XRD data shown in Fig. 1 , well defined NCs (fluorite structure, cubic Fm3m (225) space group) are formed in all cases which is reflected by the appearance of broad peaks at up to high angles in the diffractograms. No significant weight loss potentially associated with the solvent adsorbed onto the NCs surface has been detected. The particle sizes were calculated from the XRD data based on the full width at half maximum of at least six selected peaks in the 2θ range between 25 and 100°. In some cases, the crystallite sizes were also assessed by direct TEM observation ( Table 1) . The results obtained from the two characterisation techniques are usually in good agreement.
The temperature of the particle formation increases from Pu to Th, i.e. (i) ThO 2 NCs can only be obtained at reaction temperatures of 250°C; (ii) UO 2 NCs are nicely formed at temperatures above 150°C; (iii) for the formation of the NpO 2 NCs, a temperature of 160-200°C was applied (the reaction temperature is not yet optimised); and (iv) the PuO 2 NCs are already formed at 95°C after several days.
Due to the low-temperature decomposition, the size of the PuO 2 NCs is smallest, which is obvious from the increased line broadening observed in Fig. 1 . In the case of the uranium dioxide NCs, it turned out that it is of real advantage to work in anoxic conditions, as otherwise (especially at low temperatures and long reaction times), even complete oxidation of all the U IV to U VI might proceed; UO 2 ĲOH) 2 was found at the bottom of the yellow solutions as the crystalline product in some experiments. No sign of oxidation of uranium has been detected in the freshly prepared urania samples, additionally confirmed by the absence of the characteristic IR band at 740 cm −1 specific to the stretching vibrations of the -U-O-U-O-chain. 26 Furthermore, it is essential, in order to control the size of the uranium dioxide NCs, to work in a non-oxidising environment.
Here, one has to note the divergent decomposition behaviour of the plutonium and cerium oxalates. In both cases, it was reported that the reduction of the tetravalent ion to the trivalent one occurs during the oxalate precipitation. 27, 28 Our results indicate that the decomposition of the plutonium oxalate hexahydrate under the hot compressed water conditions leads to the formation of PuO 2 NCs. At least in this particular case (reaction conducted at 95°C), transformation occurs with no evidence of change in the oxidation state since we do not reach temperatures of 150-220°C, potentially needed for the reduction of Pu IV -to Pu III -oxalate in the presence of carbon monoxide. 29 On the other hand, the product of the cerium oxalate decomposition at 400°C/250 bar is hexagonal CeĲCO 3 )ĲOH), in which cerium has a trivalent oxidation state. CeĲCO 3 )ĲOH) is isostructural with the hydroxylbastnäsite-(Ce) mineral 30 and several other lanthanide hydroxocarbonates. 31 The TEM analysis indicates that the typical spherical agglomerates of mixed oxides resulted from the decomposition of the mixed oxalates with about 100-200 nm in size, reaching 600 nm in some rare cases, which in general do not keep the plate-like morphology specific to the pseudomorphic thermal conversion of oxalate (Fig. 2) . In a previous work (Balice et al.), 11 we potentially attributed the morphology of the agglomerates (i) to the stirring applied during the decomposition process under the hot compressed water conditions or (ii) to a different reaction mechanism while proceeding in water. The present results clearly indicate that similar shaped reaction products are obtained independent of the stirring process (Table 1) ; thus, the first hypothesis may be excluded at this point. A NpO 2 sample has been extensively characterised by TEM. The size of the observed crystallites has been statistically studied, obtaining an average value of 7.5 ± 1.6 nm. In the same manner as the other nanoparticles already studied, the crystallites are not colloidal, but agglomerated into quasispherical groups with sizes of 0.3(1) μm. These aggregates consist of crystallites with low relative angle orientations, as shown in Fig. 3 . Some of these agglomerations present quasimonocrystalline diffraction, as shown in the high resolution micrograph, which is an indication of the fact that the process of nano-restructuring has not been completed, and the newly created crystallites remain attached to their original positions. For the case of NpO 2 , the expected oxidation state is IV, corresponding to an f-occupancy of 3; the EELS calculations done on the collected spectra showed an average oxidation of +3.73 ± 0.50 (f-occupancy of 3.27), which is slightly lower than expected; due to the nanocrystalline nature of the sample, it is likely that variations on the oxidation state between the bulk and the surface of the sample are to be found. For this reason, the oxidation state obtained may vary depending on where exactly the measurement was performed.
For the solid solutions we report here, the lattice parameter agrees fairly with the expected theoretical values (Table 1) . In the special case of several compositions containing thorium (Th-Np and Th-U-Pu), a mixture of two cubic phases has been obtained, because of the reduced reactivity of thorium. 32, 33 The studied mixed oxide crystallites do not arrange randomly on these agglomerates, but rather maintain part of their former orientation in the same manner as what happened on the NpO 2 sample, as proved by the nonuniformly distributed diffraction spots around the centre of the electron diffraction patterns (Fig. 4a) : the electron diffraction of the crystallites on each agglomerate form a small angle with each other, in the same manner as observed for NpO 2 , indicating again an incomplete nano-restructuring process. The elemental quantification performed on each sample by means of the second derivative method on the collected EELS spectra showed no difference in composition between all the studied agglomerates (Fig. 4b) Fig. 5 that all spectra present asymmetry at the low energy part of the T 2g band for selected compositions, in agreement with earlier work. 35 In order to estimate the ThO 2 crystal size, we fitted the T 2g line to a Lorenzian band and projected the obtained full-width at half maximum value in the FWHM vs. crystal size curve already obtained on ThO 2 by Cappia's work. 35 Accordingly, for a FWHM (T 2g ) = 11 ± 2 cm −1 , a crystal size of L = 10-18 nm is calculated, not in fair agreement with the data obtained from XRD and TEM (Table 1 ). The discrepancy might arise mainly from the considered spherical dispersion of (LO1, TO1) and the fact that their splitting over the Brillouin zone is neglected in the present analysis. The position of the T 2g band in the Raman spectra of the mixed oxide specimens varies slightly but consistently depending on the sample composition (Fig. 5) . As compared to the pure actinide dioxides, in which the T 2g spectral positions are well established (e.g. 464 cm −1 for ThO 2 , 467 cm
for NpO 2 , and 478 cm −1 for PuO 2 ), 36 a decrease of the T 2g intensity and band broadening is observed for the mixed solid solutions in the Raman spectra. The observation that the T 2g band of the mixed solid solutions has its maximum at an intermediate composition results from the convolution of the single metal-oxygen bond vibrations. More precisely, one can resolve two absorptions, by fitting the mixed oxide Raman spectra, attributed to the presence of two-mode behaviour, where each single mode arises from one specific anion-cation vibration. 37 Independently, the current T 2g
peaks signify the presence of mixed solid solutions with compositions in reasonable agreement to the ones obtained by other analytical methods.
The role of water in the decomposition of the oxalates under the hot compressed water conditions
In order to explore the role of water more in detail, we performed an experiment for the thermal decomposition of ThĲC 2 O 4 ) 2 ·2H 2 O in more than 90% enriched H 2 ĳ
17
O] and then analysed the product via Raman spectroscopy and compared it with the product obtained in normal water. Fig. 6 shows the Raman spectra of the two forms of thorium dioxide (Thĳ In addition to the phonon confinement feature (discussed above), the T 2g mode of the Raman spectrum of an 17 O enriched sample shows a downshift of ∼11 cm −1 , as compared to that of 16 O. If we consider the one phonon excitation, the vibration frequency is expected to vary proportionally to the square root of the mass:
where ω i is the frequency of the T 2g mode. O coming from water has been incorporated in the ThO 2 matrix. There is good agreement (Fig. 7) between the 17 O MAS NMR spectra of crystalline (bulk) ThO 2 (main peak at 576 ppm) and of nano-ThO 2 (main peak at 575 ppm). Thus, the samples possess very similar chemical shifts underlining a similar local environment, but the full width at half maximum (FWHM) of the main peak increases from 3 to 7 ppm, respectively. This FWHM increase is the spectral print of the nanomaterials as observed previously. 38 This further supports the results discussed above.
The thermal behaviour of the AnO 2 NCs
NCs offer the possibility to study the sintering behaviour of AnO 2 in more detail, e.g. the growth of the particles as a function of temperature or the temperature dependence of the lattice parameters (Fig. 8 ). This examination contributes to the knowledge on how fast particles can change their shape in nuclear fuel in which temperatures up to 1500°C are easily reached in the centre of the fuel. In particular, when the particles are small, significant growth can be detected already at much lower temperatures.
The very limited crystallite growth of ThO 2 below 1000°C compared to UO 2Ĳ+x) (ref. 39 ) is in agreement with the lower self-diffusion of Th IV already discussed in our previous paper (higher melting point and higher sintering temperature).
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The initial urania powder used during this experiment was hyperstoichiometric (UO 2.12 ), so several processes are possible during heating till 800°C, until the powder turned into fully stoichiometric UO 2.00 . The grain growth of NpO 2 NCs is also very limited in the studied temperature range, with a direct effect in the formation of monophasic Np-containing mixed oxides. However, it can be seen that all the dioxides show particle growth by increasing temperature, but the obtained particle size for each given temperature differs from one oxide to the other (Fig. 8b) . The largest particles are obtained for CeO 2 followed by UO 2 , PuO 2 , NpO 2 , and ThO 2 , which showed only very little particle growth. By analysing the graph for the lattice parameters as a function of temperature (Fig. 8a) , one can see that of course thermal expansion takes place in all cases leading to a constant increase of the cell parameter a. This is well reflected in the curve obtained for ThO 2 . However, the shapes of the curves are not identical. Whereas for ThO 2 , one can see a constant increase in the lattice parameter a; for UO 2 , PuO 2 , and NpO 2 , two different parts in the curves can be identified like there would be a step in between. This step is observed at different temperatures, it can be assigned to UO 2 at ca. 600°C, to PuO 2 at ca. 750°C, and to NpO 2 at ca. 850°C. After this jump, the growth proceeds linearly due to thermal expansion like before (nicely seen for UO 2 and PuO 2 , Fig. 8a ). This observation is somehow in agreement with the temperature at which particle growth is started to be observed; therefore, we correlate it to a kind of sintering of very small crystallites with still surface-controlled properties (Fig. 8d) . At higher temperatures, the crystal lattice parameter does not show any surface dependency anymore and the materials behave more like the bulk.
Influence of the pressure on the crystallite size
Besides the effect of temperature, the dimensions of the NCs can be influenced as well by pressure. Accordingly, we studied, for example, the size of the particles of UO 2 and ThO 2 formed during the synthesis as a function of pressure at a given temperature of 400°C. However, only on a very limited range between ambient pressure and close to 300 bar could be studied due to the limitations of the reactor (Fig. 9) .
In the pressure range of up to 300 bar, no pressure effect on the size of the ThO 2 particles can be observed. In contrast, the particles size of urania increased from 5.5 nm (10 bar) to 9 nm (250 bar). These findings are in agreement with the ones described before for the temperature influence on the particles size. UO 2Ĳ+x) NCs agglomerate more easily than the ThO 2 ones which correlates to their sintering properties.
Conclusions and perspectives
We present here an effective and easy way of producing small NCs of AnO 2 (size typically less than 10 nm) on the laboratory scale by decomposition of AnĲC 2 O 4 ) 2 ·nH 2 O under hot compressed water conditions at temperatures usually lower than 250°C. This method presents several advantages compared with the thermal conversion of oxalates (lower particle size and avoiding the plate-like morphology) or the (mild) hydrothermal attack on other actinide compounds in non-aqueous solutions (the graphite layer on the surface of the NCs).
This approach exhibits a key step forward towards the production of sinterable nanosized AnO 2 powders (pure end members and mixed oxides) since the process exhibits potential for scale-up. This method could be potentially used for the incorporation of tetravalent americium in nanocrystalline mixed oxides. This method is versatile and can easily be applied for the synthesis of mixed oxides which are accessible by co-precipitation of the oxalate followed by treatment under hot compressed water afterwards. A possible alternative approach is to start from oxalate end-members. However, this is yet to be evaluated more in detail.
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